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Abstract
The photon spectrum from electrons scattering on multiple laser pulses exhibits interference effects not
present for scattering on a single pulse. We investigate the conditions required for the experimental observa-
tion of these interference effects in electron-laser collisions, in particular analysing the roles of the detector
resolution and the transverse divergence of the pump electron beam.
1. Introduction
The double-slit experiment famously demon-
strates quantum interference effects. An analogous
double slit can be made by using intense electro-
magnetic fields to polarise patches of the quantum
vacuum; the resulting all-optical diffraction grating
can be realised in space [1, 2], time [3, 4, 5, 6], and
both space and time [7]. If particles are scattered
off the polarised vacuum, they can exhibit double-
slit-like interference effects.
The analogy with ‘material’ double-slit patterns
holds in the semiclassical approximation [5, 8, 9],
but exactly solvable models show that interference
structure can be much richer [7]. In particular, co-
herent enhancement of quantum effects can persist
despite the semiclassical approximation predicting
no interference. This prompts the question of to
what extent interference effects can be observed in
modern laser-particle collisions. In this paper we
will take some steps toward answering this ques-
tion, considering interference effects in the pho-
ton emission spectrum of electrons colliding with
laser pulses, known as ‘nonlinear Compton scatter-
ing’ [10, 11, 12, 13].
One motivation for studying nonlinear Compton
is that experimental campaigns such as LUXE at
DESY [14, 15] and E320 at FACET-II [16] are plan-
ning to investigate the process using conventionally-
accelerated electron beams collided with high power
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laser pulses, thereby reaching a higher level of
precision than current state-of-the-art experiments
employing laser-wakefield accelerated electrons [17,
18]. This precision is vital to assess the accuracy
of theory and simulation modelling in the high-
intensity regime; perturbative approaches do not
suffice at high intensity, and despite recent suc-
cesses there remain discrepancies between theory
and experimental measurements [17, 18].
The important aspect here is precision; laser-
matter experiments are currently simulated using
particle-in-cell codes based on the locally constant
field approximation (LCFA, for reviews see [11,
19]). However, the LCFA is blind to interference
effects [20] because it is, by construction, local,
while interference effects originate from accumu-
lated phases as particles pass through a laser pulse.
Essentially, the LCFA sums incoherently over con-
tributions from different parts of the trajectory [21],
completely missing coherent quantum effects. Pre-
cision experiments such as LUXE and E320 will
however probe regions where the applicability of the
LCFA is questionable. An improved understanding
of when current numerical schemes fail will there-
fore be indispensable in analysing future experi-
mental results [22, 23]. Furthermore, as experimen-
tal precision improves, so must theoretical predic-
tions. In contrast to previous investigations, we will
show how considerations such as detector resolution
are central to the measurability of quantum inter-
ference phenomena [24, 25, 20, 26, 27, 28, 29, 7]. As
we will see, interference is a precision effect which
presents a challenge to theory and experiment.
This paper is organised as follows. In Sec. 2 we
show how interference effects arise in the spectra of
photons emitted from electrons scattering on a se-
quence of laser pulses. In Sec. 3 we analyse the con-
ditions necessary for the observation of interference
effects. In Sec. 4 we discuss potential experimen-
tal signals, accounting for beam polarisation and
electron bunch size effects. We conclude in Sec. 5.
2. NLC in plane wave background
We consider a simple scenario, in which a high-
energy electron (mass m, absolute charge e) with
momentum pµ collides with a laser pulse, scatters,
and radiates a photon with momentum lµ. The
extension to a bunch of electrons will be given be-
low. The laser is modelled as a plane wave with
wavevector kµ = ω0(1, 0, 0, 1), central frequency
ω0. The strength and shape of the wave are en-
coded in the scaled potential aµ = eAµ(φ), in which
φ = k · x. The interaction energy is characterised
by η = k · p/m2.
The calculation of the photon emission probabil-
ity and spectrum, starting from an S-matrix ele-
ment with Volkov wavefunctions [30], is well docu-
mented in the literature, see for example [13]. We
therefore present just the final expression for the
differential emission probability, parameterised by
the three components of the emitted photon mo-
mentum: these are s := k · l/k · p, the lightfront
momentum fraction of the photon, with 0 < s < 1,
and ℓ⊥ := (lx, ly)/sm the two, normalised, momen-
tum components in the plane perpendicular to the
laser propagation direction. ℓ⊥ is related to the po-
lar (θ) and azimuthal (ψ) scattering angles of the
photon by
ℓ⊥ =
mη
ω0
sin θ
1 + cos θ
(cosψ, sinψ) . (1)
In terms of s and ℓ⊥ the differential emission proba-
bility, summed over the polarisations of the emitted
photon, summed (averaged) over spins of the scat-
tered (initial) electron, is
d3P
ds d2ℓ⊥
=
αs
[
g(SI∗ + S∗I − 2F · F ∗)− |I|2]
(2πη)2(1− s)
(2)
where g ≡ 1/2 + s2/[4(1 − s)] and the functions I,
Fµ and S are defined as follows. Let the classical
kinetic momentum of the electron in the plane wave
background be written
πp(φ) = p− a(φ) + 2p · a(φ)− a
2(φ)
2k · p k . (3)
We then define
Ωγ(φ) =
l · πp(φ)
m2η(1 − s) . (4)
In terms of Eq. (3) and Eq. (4) we have
I =
∫
dφ
[
1− l · πp(φ)
l · p
]
eiΦ(φ) , (5a)
Fµ =
1
m
∫
dφ aµ(φ)eiΦ(φ) , (5b)
S =
1
m2
∫
dφ a(φ) · a(φ)eiΦ(φ) , (5c)
in which the phase Φ(φ) =
∫ φ
φi
dφ′Ωγ(φ
′), and φi
is the initial phase at which the pulse turns on.
Each of the integrals in Eq. (5), which occur in the
S-matrix element, extends only over the pulse du-
ration [31, 32].
2.1. Two-pulse interference
We now choose the potential aµ to describe a
sequence of two pulses with zero temporal overlap,
aµ(φ) = aµ1 (φ) + a
µ
2 (φ) , (6)
in which a1 (a2) is nonzero only in the range φ1i
to φ1f (φ2i to φ2f ), and there is a phase gap
∆ = φ2i − φ1f between the two pulses. Inserting
this into Eq. (5), each of the integrals breaks up
into two contributions, one from each of the pulses,
but where, crucially, the second contribution comes
with an accumulated phase Φf , i.e.
I = I1 + e
iΦf I2 , (7)
with I1,2 given by Eq. (5) in terms of a1,2. Exactly
analogous expressions hold for Fµ and S. The in-
terference phase itself is
Φf =
φ2i∫
φ1i
dφΩγ(φ) = Φ1(φ1f ) +
∆ l · p
m2(1− s)η . (8)
The first term Φ1(φ1f ) depends on a1 and comes
from the interaction with the first pulse. The sec-
ond term comes from integrating over the phase
gap between the pulses, and so depends only on
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the separation ∆, not on the form of the pulses
themselves1. Inserting Eq. (7) into the differential
probability Eq. (2), the interference phase appears
with cross terms between the two pulses, e.g.
|I|2 = |I1|2 + |I2|2 + eiΦf I∗1 I2 + e−iΦf I1I∗2 , (9)
and similarly for Fµ and S. If we drop these terms,
i.e. neglect interference effects, then the total emis-
sion probability reduces to an incoherent sum over
contributions from each pulse. If, on the other
hand, we consider two identical pulses such that
the contributions from each pulse are equivalent,
I1 = I2 and so on, then the differential probability
becomes
d3P
ds d2ℓ⊥
= 2 (1 + cosΦf )
d3P
ds d2ℓ⊥
∣∣∣∣
one pulse
, (10)
with the one-pulse expression exactly as in Eq. (2).
We stress that interference effects are not cap-
tured by the LCFA widely employed in particle-in-
cell codes to approximate QED processes and model
laser-matter experiments. The LCFA for the prob-
ability depends only on the local value of the field,
and thus is blind to the accumulated phase which
carries the interference effects. For the case of two
identical pulses as above, the LCFA would simply
return twice the LCFA probability for scattering in
a single pulse.
3. Interference and resolution
Observe that the interference phase Φf is real
and depends linearly on the pulse separation ∆ (at
fixed momentum variables). This implies that in-
terference effects do not decay with an increase of
the pulse separation ∆; we know, though, that de-
coherence will wash out quantum effects [34, 35]. In
writing down the probabilities above (and by exten-
sion the related emission spectra) we are assuming
not only no further interaction with the environ-
ment, but also propagation to infinity and perfect
1The interference phase is nonzero even if the pulse sep-
aration is zero (∆ = 0). Mathematically, this reflects the
fact that we could describe e.g. a full cycle of the field as
two half-cycles of zero separation. Physically, it reflects the
fact that there is interference from different parts of a single
pulse with itself [33, 25, 20] – such effects are here part of the
single pulse spectrum, while our interest is in the effect on
this spectrum due to interference with a time-delayed second
pulse.
resolution in measuring the spectrum. Realistically,
though, all measurements are limited in their reso-
lution, which we can think of as causing ‘binning’
of the data collected, be it e.g. photon energy or an
angular distribution, and so on. Furthermore, as
we sum over/integrate out momenta, interference
effects are typically washed out due to the summa-
tion over the oscillations of the interference phase.
For instance, suppose we want to measure the an-
gular photon distribution, as a function of ℓ⊥, at
s = sc. This is simply read off from Eq. (2) or
Eq. (10). However, to allow for a finite detector res-
olution, we should sum over contributions in some
range δs centred at sc. For δs≪ sc and δs≪ 1−sc
one can check from the form of Φf that∫ sc+δs/2
sc−δs/2
ds eiΦf ∝ 1
∆
sin
[
ℓ2
⊥
+ 1
4η(1− sc)2∆δs
]
, (11)
for ∆→∞. Hence the inclusion of detector resolu-
tion results in the expected decay of the interference
effect with pulse separation.
To illustrate this discussion we investigate here
the extent to which interference effects persist in
the angular photon spectrum at some sc, but with
a resolution δs, i.e. we study∫ sc+δs/2
sc−δs/2
ds
d3P
ds d2ℓ⊥
. (12)
We consider the case that our separated pulses have
precisely the same functional form, so
aµ1 (φ) = mξε
µ
1 sinφ cos
2
(
φ
4σ
)
, (13)
for |φ| < 2πσ and zero otherwise, where
εµ1 = (0, 1, 0, 0) is the linear polarisation vec-
tor, ξ is the normalised field amplitude, and
a2(φ) = a1(φ− 4πσ −∆), which gives a phase gap
of ∆ between the two pulses.
The question then arises as to what parameters
are needed to see interference effects. A natural
condition on the phase Φf for the persistence of
interference effects is that the change in Φf , over
some considered parameter interval (in e.g. ℓ⊥ or
s), should be less than 2π. Although the interfer-
ence effect is periodic with the change in Φf , the
relative size of the effect compared to the incoher-
ent (non-interference) terms decreases as the con-
sidered interval increases. The explicit expression
for Φf in terms of the variables ℓ
⊥ and s is
s(ℓ2
⊥
+ 1)∆
2η(1− s) +
s
η
∫ φ1f
φ1i
dφ
1 + (ℓ⊥ + a⊥1 /m)
2
2(1− s) , (14)
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Figure 1: Transverse photon distribution Eq. (12) from the
head-on collision between an 8 GeV electron and a one-cycle
optical laser, ω0 = 1.55 eV, at ξ = 2, with (right column)
and without (left column) interference effects. Upper panels
sc = 0.07, δs = 0.02; middle panels sc = 0.15, δs = 0.02;
lower panels sc = 0.11, δs = 0.1. The energy parameter is
η = 0.095 and the pulse separation is ∆ = 2π.
for a head-on collision, from which we infer that
for the observation of interference the two pulses
should not be too far apart (∆ small) and the res-
olution δs should be small. Furthermore, the in-
tensity ∼ a should not be too large and the pulse
duration ∼ φ1f − φ1i should be short. The last two
conditions confirm that interference effects will be
dominant in precisely the regions where the LCFA
fails. We proceed to consider short and relatively
weak pulses, and small s.
We therefore consider a one-cycle pulse2 with
ξ = 2. The pulse separation is chosen to be ∆ = 2π,
also corresponding to one cycle. In Fig. 1, we
present the transverse distributions of the emit-
ted photons Eq. (12), from the head-on collision
2We choose such a short pulse simply for demonstration
purposes. The effect will persist with longer pulses, but a
better resolution will be required for their detection. We
remark that calculations based on the approximation of in-
finitesimally short, delta-function pulses, can successfully re-
produce experimental interference effects in which femtosec-
ond pulses were employed [36].
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Figure 2: Oscillation of the interference factor cosΦf at
the point ℓ⊥ = 0, as s varies. The red/dashed part
(0.06 < s < 0.08) and blue/dotted part (0.14 < s < 0.16)
lead to (respectively) constructive and deconstructive inter-
ference as discussed in the text. All parameters are same as
in Fig. 1.
of an 8 GeV electron (a typical energy scale for
LUXE and E320 experiments [15, 16]), with the
two laser pulses3. We consider various energy reso-
lutions and also compare (in the left hand column)
with the spectra which would be obtained with-
out interference, which is just the incoherent sum
of two single-pulse results [i.e. set cosΦf = 0 in
Eq. (10)]. The upper panels (a) and (b) clearly
show the modulation of the spectrum introduced
by interference when one has a resolution δs = 0.02
at small sc = 0.07, which corresponds to an en-
ergy resolution of 160 MeV around a central energy
of 560 MeV. We see, in general, that the position
of maxima and minima can change position when
interference is taken into account: instead of two
symmetric off-centre maxima when interference is
neglected in (a) we see three maxima when interfer-
ence is included at the centre of image (b) [7]; in the
middle panels with δs = 0.02 at larger sc = 0.15, in-
terference splits the single central broad maximum
(c) into a sharp ring structure with a central mini-
mum in (d).
However, with a lower δs = 0.1 around sc = 0.11,
corresponding to an energy resolution of 800 MeV
around a central energy of 880 MeV, the inter-
ference effect becomes much weaker, as expected.
This is shown in the lower panels; the interference
fringes in (f) are weak and the result is almost indis-
tinguishable from the incoherently doubled single-
pulse result in (e).
To explain these features, we plot in Fig. 2 the
interference factor cosΦf at the point ℓ
⊥ = 0, i.e. at
3A small angular deviation θi from a head-on collision
between the electron and the laser will not lead to substantial
differences. This is because the key parameter, η ∝ 1+cos θi,
changes only slightly as θi is increased from 0.
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Figure 3: Number of photons Eq. (15). Left column: fixed
pulse separation ∆ = 2π, variable angular window r. Right
column: r = 2 fixed, variable separation ∆. In (a) and (b)
δs = 0.02, sc = 0.07, while in (c) and (d) δs = 0.1, sc = 0.11.
Other parameters as in Fig. 1.
the centre of each of the plots in Fig. 1. In the re-
gion 0.06 < s < 0.08 the factor cosΦf remains close
to 1 (dashed red line), which effectively quadru-
ples the emission probability relative to the result
in a single pulse (coherent enhancement), and this is
why we find a single peak in Fig. 1 (b). Similarly, in
the range 0.14 < s < 0.16 (dotted blue line) we see
that cosΦf becomes negative, resulting in the de-
structive interference at the centre of Fig. 1 (d). Fi-
nally, if we consider the whole range 0.06 < s < 0.16
as in Fig. 1 (f), the positive and negative parts of
the cosine factor cancel and so interference effects
are smoothed out.
4. Experimental signals
4.1. Photon number
Consider measuring the total number of photons
impinging on some detector with a finite acceptance
angle θr and a given energy resolution δs. We cal-
culate the number of photons by integrating the dif-
ferential probability Eq. (2) over a range of s and
over a square portion, length of side r, of the ℓ⊥
plane centred on the origin, i.e.
N =
sc+δs/2∫
sc−δs/2
ds
r/2∫
−r/2
dℓx
r/2∫
−r/2
dℓy
d3P
ds d2ℓ⊥
. (15)
This works because the length of side r corresponds
to the polar angle of the emitted photon via
θr ≈ 2ω0r
mη
≈ 6.4× 10−2r mrad , (16)
in which we use the same parameters as in Fig. 1
(η = 0.095, ω0 = 1.55eV). We plot N in Fig. 3 for
various parameters. The number of received pho-
tons increases with acceptance angle, i.e. with r.
Fig. 3 (a) shows that with a high resolution δs =
0.02, this number is modulated by interference, rel-
ative to twice the single-pulse result (the incoherent
sum), in particular at small acceptance r < 2. With
a lower energy resolution, though, interference ef-
fects are smoothed out as shown for δs = 0.1 in
Fig. 3 (c). In the right hand column of Fig. 3, we
fix the size of the angular window, r, and instead
vary the separation ∆ between the two pulses. As
∆ increases the photon number oscillates around
the result obtained by neglecting interference, and
converges to it at a pulse separation of around 5
laser cycles. This oscillation in the photon number
relies sensitively on the detector energy resolution:
for a poor resolution δs = 0.1 as in Fig. 3 (d), the
oscillations are washed out at smaller ∆.
4.2. Polarisation effects
We now consider interference effects which arise
when the polarisation of the second pulse is differ-
ent from that of the first. We consider two cases;
we either rotate the electric field of the second pulse
to be perpendicular to that of the first, or to be
anti-parallel to the first. (This second case, which
is simply two pulses of opposite sign, is standard in
the consideration of interference effects [5].)
Observe that for the example above of two iden-
tical pulses polarised in the x-direction, the distri-
butions in Fig. 1 were symmetric about ℓy = 0.
For two pulses with orthogonal polarisation (the
first in the x-direction, as before, the second in
the y-direction), we would +na¨ıvely expect sym-
metry about the line ℓx = ℓy. However, as shown
in Fig. 4 (a) and (b), interference breaks this sym-
metry. This asymmetry can be seen in e.g. Eq. (9),
as for perpendicularly polarised pulses we have
I1(ℓ
x, ℓy) = I2(ℓ
y, ℓx), and so the combination of in-
terference terms ∼ eiΦf I∗1 I2 + e−iΦf I1I∗2 gives
sinΦf (I
∗
1 I2 − I1I∗2 ) , (17)
and similarly for Fµ and S.
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Figure 4: Transverse photon distribution Eq. (12) of the
emitted photon without (left column) and with (right col-
umn) interference. Upper panels: the electric fields of the
1st and 2nd pulses are polarised in x and y direction respec-
tively. Bottom panels: the electric fields of the pulses are
both in x direction, but with opposite sign. The red dashed
lines are ℓx = ℓy in the upper panels and ℓx = 0 in the
bottom panels. The other parameters are same as in Fig. 1.
Fig. 4 (c) and (d) show similar results for the case
where the second pulse is polarised anti-parallel to
the first. Without interference, the incoherent re-
sult Fig. 4 (c) is exactly the same as in Fig. 1 (a);
there is symmetry about ℓy = 0 because the fields
are polarised in x direction, and symmetry about
ℓx = 0 because of the chosen field shape in Eq. (13).
The symmetry about ℓx is lost in Fig. 4 (d) as the
interference terms again pick up an asymmetry as in
Eq. (17). This can be understood as a consequence
of the field shape – if we exchange sinφ → cosφ
in Eq. (13), the interference fringes would become
symmetric about ℓx = 0. Alternatively, it can be
understood as due to the causal aspect of scattering
in two pulses [7]; note that if we were to swap the
signs of the pulses, then we would obtain, instead
of Fig. 4 (d), its reflection in the line ℓx = 0. This
is equivalent to swapping the order of the pulses,
since the emitting electron propagates from smaller
to larger φ [37, 38].
4.3. Electron bunch effects
To observe a robust interference effect, we should
consider not a single electron, but a bunch of elec-
trons. We model this by convoluting the differential
emission probability with an initial momentum dis-
tribution function for the bunch.
Let this distribution be ρ(p), obeying the nor-
malisation condition:
∫
d3p ρ(p) = 1 (i.e. we divide
out the total number of electrons in the bunch).
We split the total momentum distribution into
a piece L(pz) in the laser propagation direction
and a piece T (p⊥) in the perpendicular direction,
p⊥ := (px, py), so ρ(p) = L(pz) T (p⊥) with
L(pz) =
1√
2πσzm
exp
[
− (pz − p˜z)
2
2σ2zm
2
]
,
T (p⊥) =
1
πσ2
⊥
m2
exp
[
− p
2
⊥
σ2
⊥
m2
]
,
in which p˜z = 〈pz〉 is the average longitudinal mo-
mentum. The momentum spreads in each direction
are 〈(pz − p˜z)2〉1/2 = σzm and 〈p2⊥〉1/2 = σ⊥m.
For an electron bunch, it is convenient to take s
to refer to the average electron momentum p˜, i.e.
s = k · l/k · p˜. In other words s is scaled by the pa-
rameter λ = k ·p/k · p˜ and now takes values between
0 and λ instead of 0 and 1. The calculations of the
functions I, Fµ, S needed for the emission proba-
bility are then as in Eq. (5), except that s appearing
there should be replaced with s/λ. We also write
η˜p = k · p˜/m2. The differential emission probability
then takes the form
d3P
ds d2ℓ⊥
=
α
(2πη˜p)2
∫
d3p ρ(p)
s
λ(λ − s)[(
SI∗ + S∗I − 2F · F ∗)g( s
λ
)
− |I|2
]
. (18)
With this, we can investigate the possibility of ex-
perimentally observing interference effects in either
the photon energy spectrum or angular spectrum.
A nonzero transverse momentum p⊥ of the initial
electron enters the differential probability Eq. (18)
through a linear shift of the normalised photon mo-
mentum ℓ⊥, i.e. ℓ⊥ → ℓ⊥λ− p⊥/m. In order to
observe the interference fringes in, say, Fig. 1 (b),
the shifts introduced by p⊥ should be smaller than
the gaps between the interference fringes. From
Fig. 1, we can see that the gap between fringes is
much smaller than the transverse spread induced
by the field, ℓx ≈ ℓy ≈ ξ. The average shift due
to the bunch, on the other hand, can be esti-
mated as being equal to the transverse momentum
spread σt. This yields the qualitative condition
that the transverse spread of the beam should obey
σt ≪ ξ. Neglecting the longitudinal distribution,
so L(pz) = δ(pz − p˜z), and using the same parame-
ters as in Fig. 1 (b) (p˜z = 8 GeV and η˜p = 0.095),
we find that to reproduce the interference fringes in
6
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Figure 5: Oscillation of the photon number N with the
change of the pulse separation. Dash-dotted lines: single-
electron results; Solid lines: results from a electron bunch
with normalized momentum distribution, see the discussions
about the momentum distribution in the text. The other pa-
rameters are same as in Fig. 1.
Fig. 1 (b), we would have to reduce the transverse
momentum spread in the beam to σ⊥ = ξ/20, corre-
sponding to an angular divergence in the bunch of
Θ = 2σ⊥m/p˜z ≈ 1.3× 10−2 mrad, which is orders
of magnitude smaller than recent experimental re-
sults [39, 40]. Therefore, the transverse spread of an
electron bunch would seem to make it challenging
to observe interference in the angular distribution
of the emitted photons.
However, we will now see that it may be possible
to detect interference in the photon energy spec-
trum, which we obtain from Eq. (18), by integrating
out the transverse degrees of freedom,
dP
ds
=
α
(2πη˜p)2
∞∫
s
dλ
λ
∫
d2p⊥
p0ρ(p)s
λ(λ− s) (19)
∫
d2ℓ⊥
[(
SI∗ + S∗I − 2F · F ∗)g( s
λ
)
− |I|2
]
.
Note that due to the form of I, Fµ, S, the
only dependence on the transverse electron mo-
mentum p⊥ in Eq. (19) lies in the factor p
0ρ(p).
We are interested in small-angle collisions, hence
the dependence of p0 on p⊥ is negligible and the
bunch transverse distribution can be integrated out:∫
d2p⊥T (p⊥) = 1. Hence the photon energy spec-
trum is determined by the longitudinal momentum
distribution of the bunch.
Multi-GeV electron beams with very nar-
row energy spread and angular divergence are
available to experiment [39, 40]. We take
the average momentum in the beam to be
p˜µ = (p˜0, 0, 0,−
√
p˜20 −m2) with the energy
p˜0 = 8 GeV, and widths σz = 3% p˜0/m and
σt = 10
−4 p˜0/m corresponding to an energy spread
of 6% and an angular divergence of Θ = 0.2 mrad
following Ref. [40]. In Fig. 5, we show the number
N of photons produced, in a given energy range,
as a function of the pulse separation ∆. Similar
to the single-particle result in which the electron
possesses a definite momentum p = p˜, there is a
pronounced oscillation of the photon number even
taking into account bunch effects. This evanesces
with the increase of the pulse separation. With
a broad longitudinal spread in the bunch, the
amplitude of the interference oscillations reduces
and converges to the incoherently summed result at
a shorter pulse separation than the single-electron
result.
5. Discussion and Conclusion
We have investigated interference effects in the
collision of an energetic electron bunch with a se-
quence of two laser pulses. Interference effects are
present in both the scattered electron and emitted
photon spectra, and we have focussed on the latter.
The potential observation of interference effects de-
pends both on the properties of the electron bunch
and on the detector resolution in the experiment.
Accounting for both, we have seen that interfer-
ence effects may be observed experimentally in the
oscillation of the detected number of photons as
a function of varying the pulse separation. This
would require multi-GeV electron bunches with
narrow energy spread, which are available from
laser plasma acceleration [40]. For higher energy
resolution, interference effects persist for longer and
stronger laser pulses, as well as for larger pulse sep-
arations. In future work one could incorporate ad-
ditional interference effects into the analysis by con-
sidering e.g. coherent emission from bunches of par-
ticles [41, 42, 43].
We finally remark that if the transverse diver-
gence of the electron bunch could be reduced to be
around one order of magnitude smaller than the di-
mensionless laser intensity, so σt ≪ ξ, then it would
be possible to also observe interference fringes in the
transverse photon distribution. From Eq. (10), we
know that the interference fringes appear at the po-
sitions where Φf = 2nπ, n is an arbitrary integer.
If we could measure the position of the interference
fringes, we could then infer the intensity of the laser
pulse, for a given field shape, from Eq. (8).
7
Acknowledgments
The authors are supported by the EPSRC, Grant
No. EP/S010319/1.
References
References
[1] B. King, A. Di Piazza, and C. H. Keitel, Nature Photon.
4, 92 (2010), 1301.7038.
[2] B. King, A. Di Piazza, and C. H. Keitel, Phys. Rev.
A82, 032114 (2010), 1301.7008.
[3] F. Lindner, M. G. Scha¨tzel, H. Walther, A. Baltusˇka,
E. Goulielmakis, F. Krausz, D. B. Milosˇevic´, D. Bauer,
W. Becker, and G. G. Paulus, Phys. Rev. Lett. 95,
040401 (2005).
[4] F. Hebenstreit, R. Alkofer, G. V. Dunne, and H. Gies,
Phys. Rev. Lett. 102, 150404 (2009), 0901.2631.
[5] E. Akkermans and G. V. Dunne, Phys. Rev. Lett. 108,
030401 (2012), 1109.3489.
[6] Z.-L. Li, D. Lu, and B.-S. Xie, Phys. Rev. D89, 067701
(2014).
[7] A. Ilderton, Phys. Rev. D101, 016006 (2020),
1910.03012.
[8] C. K. Dumlu and G. V. Dunne, Phys. Rev.D83, 065028
(2011), 1102.2899.
[9] C. Schneider, G. Torgrimsson, and R. Schu¨tzhold, Phys.
Rev. D98, 085009 (2018), 1806.00943.
[10] A. I. Nikishov and V. I. Ritus, Sov. Phys. JETP 19,
529 (1964).
[11] V. Ritus, Journal of Russian Laser Research 6, 497
(1985).
[12] C. Bula et al. (E144), Phys. Rev. Lett. 76, 3116 (1996).
[13] D. Seipt, arXiv preprint arXiv:1701.03692 (2017).
[14] A. Hartin, A. Ringwald, and N. Tapia, Phys. Rev.D99,
036008 (2019), 1807.10670.
[15] H. Abramowicz, M. Altarelli, R. Aßmann, T. Behnke,
Y. Benhammou, O. Borysov, M. Borysova,
R. Brinkmann, F. Burkart, K. Bu¨ßer, et al., arXiv
preprint arXiv:1909.00860 (2019).
[16] The FACET-II SFQED Collaboration,
Probing Strong-field QED at FACET-II (SLAC E-320),
(to appear) (2019).
[17] J. M. Cole, K. T. Behm, E. Gerstmayr, T. G. Black-
burn, J. C. Wood, C. D. Baird, M. J. Duff, C. Har-
vey, A. Ilderton, A. S. Joglekar, et al., Phys. Rev. X 8,
011020 (2018).
[18] K. Poder, M. Tamburini, G. Sarri, A. Di Piazza,
S. Kuschel, C. D. Baird, K. Behm, S. Bohlen, J. M.
Cole, D. J. Corvan, et al., Phys. Rev. X 8, 031004
(2018).
[19] A. Gonoskov, S. Bastrakov, E. Efimenko, A. Ilderton,
M. Marklund, I. Meyerov, A. Muraviev, A. Sergeev,
I. Surmin, and E. Wallin, Phys. Rev. E 92, 023305
(2015).
[20] C. N. Harvey, A. Ilderton, and B. King, Phys. Rev. A
91, 013822 (2015).
[21] V. Dinu, C. Harvey, A. Ilderton, M. Marklund, and
G. Torgrimsson, Phys. Rev. Lett. 116, 044801 (2016),
1512.04096.
[22] A. Di Piazza, M. Tamburini, S. Meuren, and C. H. Kei-
tel, Phys. Rev. A98, 012134 (2018), 1708.08276.
[23] A. Ilderton, B. King, and D. Seipt, Phys. Rev. A 99,
042121 (2019).
[24] D. Seipt and B. Kmpfer, Phys. Rev. A89, 023433
(2014), 1309.2092.
[25] K. Krajewska, M. Twardy, and J. Z. Kami?ski, Phys.
Rev. A89, 052123 (2014), 1403.4282.
[26] I. P. Ivanov, D. Seipt, A. Surzhykov, and S. Fritzsche,
EPL 115, 41001 (2016), 1606.04732.
[27] M. J. Jansen and C. Muller, Physics Letters B 766, 71
(2017), ISSN 0370-2693.
[28] A. I. Titov, B. Kmpfer, and H. Takabe, Phys. Rev.D98,
036022 (2018), 1807.04547.
[29] L. F. Granz, O. Mathiak, S. Villalba-Chvez, and
C. Mller, Phys. Lett. B793, 85 (2019), 1903.06000.
[30] D. M. Volkov, Z. Phys. 94, 250 (1935).
[31] M. Boca and V. Florescu, Phys. Rev. A80, 053403
(2009).
[32] A. Ilderton, B. King, and A. J. MacLeod, Phys. Rev. D
100, 076002 (2019).
[33] T. Heinzl, A. Ilderton, and M. Marklund, Phys. Lett.
B692, 250 (2010), 1002.4018.
[34] W. H. Zurek, Rev. Mod. Phys. 75, 715 (2003),
quant-ph/0105127.
[35] M. Schlosshauer, Rev. Mod. Phys. 76, 1267 (2004),
quant-ph/0312059.
[36] D. Bigourd, B. Chatel, W. P. Schleich, and B. Girard,
Phys. Rev. Lett. 100, 030202 (2008), 0709.1906.
[37] S. J. Brodsky, H.-C. Pauli, and S. S. Pinsky, Physics
Reports 301, 299 (1998).
[38] T. Heinzl, in Methods of Quantization (Springer, 2001),
pp. 55–142.
[39] W. P. Leemans et al., Phys. Rev. Lett. 113, 245002
(2014).
[40] A. J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti,
C. Pieronek, T. C. H. de Raadt, S. Steinke, J. H. Bin,
S. S. Bulanov, J. van Tilborg, et al., Phys. Rev. Lett.
122, 084801 (2019).
[41] K. Berryman, E. Crosson, K. Ricci, and T. Smith,
Nucl. Inst. and Methods in Physics A 375, 526 (1996).
[42] A. Angioi and A. Di Piazza, Phys. Rev. Lett. 121,
010402 (2018).
[43] B. M. Dillon and B. King, Phys. Rev. D 99, 035048
(2019).
8
